Low-energy-ion bombardment of semiconductors can lead to the development of complex and diverse nanostructures. Of particular interest in these structured surfaces is the formation of highly ordered patterns whose optical, electronic, and magnetic properties are different from those of bulk materials and might find technological uses. [1] [2] [3] [4] [5] Compared to the low efficiency of lithographic methods for mass production, this self-organized approach offers a new route for fabrication of ordered patterns over large areas in a short processing time on the nanometer scale, beyond the limits of lithography. [1, 4] This technique is based on the morphological instability of a sputtered surface driven by a kinetic balance between roughening and smoothing. [6, 7] Thus mechanisms that control the species concentration on the surface can make contributions to structure formation. [3, [7] [8] [9] [10] [11] [12] It is now established that well-ordered quantum dots can be generated on the surface of semiconductors (Si, Ge, GaSb) under certain irradiation conditions. [1, 13, 14] For a long time it has been expected that the instability of a surface can also lead to well-ordered hole formation. However, to date experimental observation of such features has been lacking. In this Communication, we report that a hexagonally ordered, honeycomb-like structure of holes 35 nm across and 45 nm apart on the Ge surface can be formed under focused ion beam (FIB) bombardment at normal incidence. The structured Ge fabricated by FIB bombardment shows a high surface area and a considerably blue-shifted energy gap. We found that interplay between ion sputtering, redeposition, viscous flow, and surface diffusion is responsible for ordered pattern formation. Simulations of the evolution of the surface morphology on the basis of the damped Kuramoto-Sivashinsky (DKS) growth model have been performed to facilitate the interpretation of the experimental findings. [15] [16] [17] [18] [19] As an indirect energy-gap semiconductor, germanium is a poor light emitter, which makes it challenging to create efficient Ge-based light-emitting devices. Significant effort has been devoted to the development of the optical properties of Ge based on changing the surface morphology.
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The ion-induced nanostructures were fabricated on commercially available Ge with (100) orientation by FIB bombardment. Under normal bombardment with ion energy greater than 5 keV, worm-like structures were developed on Ge surface with large aspect ratio. When the energy was 5 keV, however, highly ordered hole arrays could be achieved. Figure 1 shows scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of a typical nanohole pattern induced on a Ge(100) surface by 5 keV (Ga þ ) FIB bombardment for 5 min. A perfect hexagonal arrangement of holes is observed within domains of ca. 500 nm. Like polycrystalline structure, there are ''grain boundaries'' separating domains that are oriented randomly to each other by lattice defects. The mean diameter and the spacing of the holes measured from the SEM image (Fig. 1a) were 35 and 45 nm, respectively. The high-magnification image in Figure 1b shows the main defect types that interrupt the periodic arrangement of the holes. In order to identify substrate effects, we bombarded different-orientation samples and found that the ordering structure is orientation independent. The amorphous layer induced by the ion beam on the surface can lead to this substrate-independent ordering. [1, 3, 13, 14] Figure 1c shows an AFM image obtained in tapping mode on a perfectly ordered domain, from which we find that there are hexagonally ordered quantum dots with 20 nm diameter and 3 nm height around each hole. The combination of well-ordered quantum dots and holes can be further confirmed by cross-sectional profiles (Fig. 1d) and three-dimensional (3D) structures (Fig. 1e) . This honeycomb-like structure is reminiscent of the hexagonal structure in anodic alumina. [21] The dependence of holes on the bombardment time at a fixed energy of 5 keV and flux of 2.2 Â 10 15 cm À2 s À1 is shown in Figure 2 . At the very beginning (t ¼ 3 s, Fig. 2a ), corresponding to an ion fluence of 6.6 Â 10 15 cm
À2
, hole nucleation occurs. The network structure with broad hole-size distribution can be observed, suggesting random nucleation sites. The hole formation can be attributed to the aggregation of vacancies on the surface generated by energetic ion sputtering. As bombardment proceeds (t ¼ 30 s, Fig. 2b ), more surface Ge atoms are removed and visible short-range ordering of holes can be observed within small domains. For longer bombardment times (Figs. 2c and d), the hole size becomes uniform by self-adjusting and the ordered domain slowly increases in size. A cross-sectional SEM image (Fig. 2e) shows the bowl-like shape of the holes with a depth of 5 nm.
Structural and chemical characterization of the nanoholes induced by the ion beam is shown in Figure 3 . The nanohole structure can be created on a thin sample that can be traversed by the electron beam. A plan-view transmission electron microscopy (TEM) bright-field image (Fig. 3a) shows the surface structure of Ge induced by a 5 keV FIB before and after annealing. The thickness variation produces different contrast, in which the holes are brighter. The cross-sectional TEM image shows a dot-shaped structure with a depth of 5 nm and sidewall angle of 608 to 708 (Fig. 3b ). An amorphous layer approximately 5 nm thick is produced by energetic ions on the surface. This layer, consistent with the penetration depth of the ions calculated by Monte Carlo simulation, [22] remains constant during bombardment. Figure 3c shows a high-angle annular dark field (HAADF) TEM image, in which the holes are darker. The element mapping obtained by scanning transmission electron microscopy (STEM) shows uniform distribution of implanted Ga inside the Ge substrate. At bombardment temperature, no solid solution or compound between Ga and Ge can be found. Annealing at 600 8C for half an hour leaves the hexagonal arrangement of the holes undamaged, as shown in Figure 3d .
The mechanism underlying pattern formation during ion bombardment has been extensively investigated in recent years. Under ion bombardment, two main defects, vacancies and interstitials, are created with the decrease of ion energy. Atoms on the surface can also be sputtered, leaving vacancies on the surface. Some of these sputtered atoms can redeposit on the surface to take part in structure formation. In addition, amorphous layer can be generated on the semiconductor surface and thus viscous flow should be considered to describe the behavior of this layer. Furthermore, thermally induced instability of defects also plays an important role in pattern formation. As a consequence, to date four main mechanisms have been considered: sputtering, surface diffusion, redeposition, and viscous flow. [6, 7, 10, 11] Because all these effects are surface profile dependent, for simplicity, a small slope approximation was proposed, and thus a linear continuum equation was established to explain the morphology evolution at the very beginning. [6] As bombardment proceeds, nonlinear effects start to dominate the surface dynamics and a nonlinear equation was developed by considering surface profile changes. [7, 10, 12] It was found that the DKS growth model can describe well these four mechanisms for the long-time limit. [18, 19, 23, 24] According to this model, a positive nonlinear term describes dot formation and a negative nonlinear term predicts hole formation. It has been reported that the DKS growth model can successfully predict ordered quantum dot formation during bombardment with a positive sign of the nonlinear term. [18] The DKS growth model is given by
where h is the height of the bombarded surface as a function of time t, v is effective surface tension generated by the erosion process due to surface curvature or viscous flow due to surface stress, D is effective diffusion coefficient from thermal diffusion, radiation induced diffusion, and viscous flow, l describes the tilt-dependent sputtering yield, determining the dot or hole formation, h is Gaussian white noise resulting from the stochastic nature of the erosion process, and a damping term -ah accounts for the redeposition of sputtered species on the surface. The value of l can be calculated from parameters for ion energy range distribution. [7] In our case, we found l is positive, which means hole formation can be predicted from the DKS model. Under normal bombardment, by rescaling coefficients, Equation 1 yields an isotropic partial differential equation with v ¼ D ¼ l ¼ 1. [23] Therefore, for the isotropic DSK model, the variation of a determines the morphology evolution. Numerical simulation has been performed on an equally spaced 2D 512 Â 512 mesh by integration of Equation 1 using a standard discretization method with periodic boundary conditions. The integration starts from a random initial state with spatial step dx ¼ 0. predictions of Equation 1 with experimental observations. Clearly, a striking similarity of surface morphology between simulation results and experiment can be found from 2D images (Figs. 4a,d ) and 3D images (Figs. 4b,c,e) . In particular, the perfect hexagonal arrangement of holes, domains, and grain-like boundaries predicted by Equation 1 matches very well with experimental observations. The ordering of patterns can be well characterized by the power spectral density (PSD) calculated from the Fourier transform of the intensity of the images. The angularly averaged PSD calculated from simulation (Fig. 4a) is again in good agreement with that from experimental data obtained by AFM measurement (Fig. 4d) . Similar to experimental observations, hexagonally ordered dots around each hole can also be predicted by simulation, as can be seen in the cross-sectional profile in Figure 4a and 3D structure in Figures 4b and c . These results confirm that the DKS growth model can fairly well explain hole formation where nonlinear effects are prerequisite for ordering.
Visible light emission from semiconductor nanostructures has attracted significant attention because of potential optoelectronic applications. Figure 5a shows the Raman spectrum of an optical phonon near 300 cm À1 wave number excited by a 530 nm laser after annealing. For an unannealed sample, similar to amorphous structure, the Raman spectrum shows a broad bump around 275 cm
À1
. With increasing annealing temperature, a sharp peak can be identified and shifts to the position of bulk Ge, suggesting well-crystallized Ge. The photoluminescence (PL) spectrum of ion-etched Ge after annealing at 600 8C (Fig.  5b) shows a broad but pronounced peak ranging from 500 nm to 700 nm. No weak peak can be observed for the unannealed sample. The optical absorption spectrum of ion-etched Ge after annealing at 600 8C shows a blue shift in the energy gap transition from 0.66 eV to 1.42 eV, compared with crystalline or amorphous bulk Ge. This bandgap change can be attributed to the quantum confinement resulting from the dimensional reduction of the hole wall thickness. [18, 20] In conclusion, we have shown that, in contrast to well-ordered quantum dot formation in most ion sputtered semiconductors, highly ordered nanoholes can be spontaneously generated on the surface of Ge under certain irradiation conditions. The formation and evolution of nanoholes are determined by the concentration and mobility of species induced by the ion bombardment on the surface. Many mechanisms are involved in this pattern formation, which provides tremendous opportunities for the fabrication of nanostructures with different shapes and functions. The observed features are in good agreement with those predicted in numerical simulations for the DKS growth model under the conditions of long-time limit, implying the importance of nonlinear effects in the pattern formation.
Experimental
Commercially available Ge with (100) orientation was used in our experiments (undoped n-type from mTI Corporation). The ion bombardment experiments were carried out using a FIB instrument (FEI Nova 200 Nanolab, Ga þ ion) equipped with a scanning electron microscope in a vacuum of 2 Â 10 À7 mbar at room temperature. The spot size of the 5 keV Ga þ ion beam was 50 nm with an overlap of 50%. Each spot was bombarded for 1 ms with a repetition time of 100 ms. The surface morphology was characterized by in situ SEM and ex situ TEM and AFM. AFM measurements were carried out in tapping mode under ambient conditions using phosphorus-doped Si cantilevers (Nanoscope IV). Cross-sectional TEM samples were prepared by FIB and analyzed by TEM (JEOL 2010 F) with a field emission gun operated at 200 keV. The chemical composition was analyzed by energy dispersive X-ray spectrometry (EDXS) and mapping of electron energy-loss spectroscopy. Fast Fourier transforms (FFTs) and PSDs were calculated to identify the ordering. Optical properties of ion-etched Ge. a) Raman spectra of samples annealed at different temperatures. b) Room temperature photoluminescence (PL) spectra of Ge patterned with ordered nanoholes after annealing at 600 8C. The spectrum of bulk Ge is given for comparison. Inset: Absorption spectrum of patterned Ge after annealing at 600 8C. A 530 nm Ar ion laser was used for luminescence excitation.
